The interaction of grain boundaries with ferroelectric domain walls strongly influences the extrinsic contribution to piezoelectric activity in Pb(Zr,Ti)O 3 (PZT), ubiquitous in modern transducers and actuators. However, the fundamental understanding of these phenomena has been limited by complex mechanisms originating from the interplay of atomic-level domain wall pinning, collective domain wall dynamics, and emergent mesoscopic behavior. This contribution utilizes engineered grain boundaries created by depositing epitaxial PZT films with various Zr:Ti ratio onto 24º SrTiO 3 tilt bicrystals. The nonlinear piezoelectric response and surface domain structure across the boundary are investigated using piezoresponse force microscopy whilst cross 
37831, USA (Received 10 October 2014)
The interaction of grain boundaries with ferroelectric domain walls strongly influences the extrinsic contribution to piezoelectric activity in Pb(Zr,Ti)O 3 (PZT), ubiquitous in modern transducers and actuators. However, the fundamental understanding of these phenomena has been limited by complex mechanisms originating from the interplay of atomic-level domain wall pinning, collective domain wall dynamics, and emergent mesoscopic behavior. This contribution utilizes engineered grain boundaries created by depositing epitaxial PZT films with various Zr:Ti ratio onto 24º SrTiO 3 tilt bicrystals. The nonlinear piezoelectric response and surface domain structure across the boundary are investigated using piezoresponse force microscopy whilst cross section domain structure is studied using transmission electron microscopy. The grain boundary reduces domain wall motion over a width of 800±70 nm for PZT 45 
I. INTRODUCTION
In bulk and thin film ferroelectrics, grain boundaries limit the dielectric and piezoelectric properties, reducing the responses of sensors, actuators, and memory devices. [1] [2] [3] [4] Single crystals or epitaxial films cannot always be utilized. Understanding the effect of grain boundaries on domain wall motion is, therefore, essential for controlling device properties. Furthermore, the interaction of domain walls with grain boundaries is vital in describing the fundamental physics of ferroelectric materials.
For over 20 years the interaction between domain walls and grain boundaries has been studied with macroscopic measurements. In 1985 Arlt et al. reported decreasing permittivity with grain size below 0.7 µm in BaTiO 3 ceramics. 5 Later, measurements of the piezoelectric properties, 6, 7 Rayleigh response, 8 and field-induced switching indicated decreased extrinsic contribution to the functional properties as grain size decreased. [9] [10] [11] Recently, domain wall pinning was studied using phase field models and density functional theory. It was found that stress concentrations and large internal electric fields at grain boundaries and triple points influence both domain nucleation and domain wall pinning. [12] [13] [14] [15] Additionally, a preference for specific polarizations on either side of high angle grain boundaries may produce pinning. 16 Significant charge concentrations can exist at 90º domain walls, which then exert a local pressure on 180º domain walls even at sub-switching electric fields due to variations in the local electric field. 17, 18 Experimentally, PFM measurements demonstrated that 1-and 2-dimensional defects produce significant pinning of 180º domain walls in ferroelectric films. [19] [20] [21] [22] [23] [24] The local electric field created by defects and domain wall -domain wall pinning are the major contributions to domain wall pinning. 17, 25 It is widely reported that in tetragonal ferroelectrics the domain structures of adjacent grains are correlated due to local strain and electric fields. 2, 26 Ivry et al.
indicate that the local fields influence the domain structure up to 300-400 nm from the grain boundary, 26 a result matching the distance observed for the influence of a grain boundary on domain wall motion. 27 The contribution of domain wall motion to the dielectric and piezoelectric properties is dependent on composition and crystallographic structure. 4, [28] [29] [30] [31] The highest irreversible domain wall motion is observed at the morphotropic phase boundary and decreases as internal stress increases with increasing ferroelastic strain. 28, 29, 32 However, the role of ferroelectric distortion (e.g. rhombohedral, tetragonal, etc.) on domain wall interaction with planar defects is unknown.
Recently, 24º tilt grain boundaries were shown to pin domain walls in tetragonal PbZr 0.45 Ti 0.55 O 3
(PZT 45/55) films and reduce domain wall motion ~350 nm to either side of the grain boundary, with strong dependence on the local domain structure. 27 It is anticipated that the relative pinning strength of any particular grain boundary will depend on the accommodation of the local strain by the ferroelectric domain structure.
This work explores the effect of ferroelastic strain on the domain structure and local piezoelectric nonlinearity at and near the grain boundary. Comparisons are made between tetragonal and rhombohedral epitaxial PZT thin films with 24º tilt grain boundaries. Particular emphasis is placed on the spatial width of reduced or enhanced nonlinear response resulting from the grain boundary.
II. MATERIALS & METHODS

A. Material synthesis
Bicrystal (100) SrTiO 3 substrates with a 24º tilt angle (MTI Corp.) were used to engineer a well-defined grain boundary. A SrRuO 3 buffer layer was deposited as a bottom electrode followed by deposition of the Pb(Zr x Ti 1-x )O 3 films, with compositions x = 0.20, 0.45, and 0.52.
All samples were prepared as described previously. 27 Electrical measurements of capacitance and dielectric loss (HP 4284A Precision LCR Meter) were made as a function of AC voltage to 50% of the coercive voltage to determine the dielectric nonlinearity α e /ε init . The Rayleigh law describes the contribution of domain wall motion across pinning sites. 33 Further information on the Rayleigh law is provided in Appendix A. Concisely, the initial response (ε init , d 33,init ) relates to the intrinsic response and reversible domain wall motion, while the irreversible response (α e , α d ) relates to irreversible domain wall motion.
B. Band excitation piezoresponse force microscopy
BE-PFM characterization of the local piezoelectric nonlinear response (Asylum Research, Inc. Cypher) was made on a 5 μm x 5 μm region with a 100 x 100 pixel grid in a 100 kHz band across the resonant frequency of the cantilever (NanoSensors PPP-EFM-50 Poling parameters were determined using the global piezoelectric response (aixACCT DBLI).
The capacitors were driven from the bottom, with tip and top electrode grounded. The drive voltage extended beyond the dielectric Rayleigh regime, as this was necessary in order to minimize noise. Thus, the reported values for nonlinear response are the ratio of the quadratic to linear response normalized to the film thickness. 27 Methods for analyzing the clusters of nonlinear response are described in Appendix B.
C. Transmission electron microscopy
TEM provided information on the domain structure at and away from the grain boundary.
Specimens were prepared with a dual beam focused ion beam/scanning electron microscope Different film dimensions were used to accommodate the periodicities of the two domain structures. The thin film for both models was 15 nm thick with a non-polarizable 7 nm thick layer of deformable substrate allowed to relax beneath the film. 35 To model the bicrystal system the anisotropic system properties were rotated in each grain to accommodate the 24° rotation between the crystals. Between grains the properties were assumed to vary smoothly across the boundary and, since the width of the boundary has not been exactly established, we assumed the transition occurred over a distance of 2 nm.
Electrostatic interactions between domains arising from the electric field were included through explicit consideration of the electrostatic energy in the model. Electric fields in the system arising from bound charges caused by changes in the polarization at the domain walls were found by solving the Poisson equation assuming electrodes on the film to be ideally compensating and electrically grounded. 37 When considering thin films with only b/c type domain structures and consequently highly charged grain boundaries in PZT 20/80 films, however, we also considered the additional case of free charge carriers in the film fully compensating the bound charges around the domain walls due to the lower band gap of PZT 20/80. This allows us to consider the effects of two extremes in the electric behavior of the thin films on the domain structures around the grain boundary. Mechanical stresses in the thin films due to the spontaneous deformation of the crystal during the ferroelectric transition were similarly determined by solving the mechanical equilibrium equations in the film as discussed in Refs 35, 38 and in Appendix C. Phi scans of the PZT 101 peak proved epitaxy on both sides of the grain boundary. The full width at half maximum for the PZT 002 peak rocking curve along with the permittivity, loss tangent, and remanent polarization for all compositions are provided in Table I . The measurements indicate high film quality.
III. RESULTS
Films
Global dielectric Rayleigh measurements and averaged local piezoelectric nonlinearities are presented in Table II . As expected, the highest initial permittivity was observed for the composition near the morphotropic phase boundary (PZT 52/48). However, the highest α e /ε init was observed for PZT 45 Phase field modeling was employed to understand the forces controlling domain structure development at the grain boundary. To model the case where a-and c-domains cross the grain boundary, the system was initialized with four 90º domain walls oriented perpendicular to two grain boundaries. When allowed to relax, the domain walls rotated 12º, producing a stable configuration along the <101> plane in each grain as shown in Figure 3 (a), similar to the PZT 45/55 domain structure described previously. 27 In addition, the domain walls also bend towards the grain boundary, with most bending near the top and bottom surfaces of the film. This produced a wider domain near one boundary, but a narrower domain at the other grain boundary.
A minimum in the local electric energy was associated with both boundaries where the domains met across the grain boundary. The reduction in the electric energy is particularly strong at the grain boundary where the domains form a domain wall with a slight tail-to-tail arrangement.
Both boundaries, however, are associated with moderate increases in the local elastic energy and stresses within the a-domains, as can be seen in Figure 3 
IV. DISCUSSION
It is clear from Figure 1 that for the rhombohedral PZT 52/48, the 24º tilt grain boundary influences the mobility of domain walls over a much shorter spatial scale than is the case for the analogous grain boundary in PZT 45/55. Given the significant differences in domain wall density (See Figure 2) , the difference in the width of influence for the grain boundary is attributed to improved strain relaxation for the rhombohedral sample, based on the fine domain structure observed by TEM.
For the tetragonal films, while PZT 45/55 exhibits a well-defined minimum in the nonlinearity at the grain boundary, an alternating nonlinear response was observed for PZT 20/80. These differences are attributed to the disparate poled domain structures. For PZT 20/80, ferroelastic strain matching at the grain boundary permits registry of domain walls between band c-domains (see Figure 2 (a,d)) as described previously. 27 From Figure 5 Figure 6 . In contrast, a-domains move nearly parallel to the grain boundary, such that only modest volume can be converted to c-orientation in the same manner.
Further insight into the poling behaviors of the two domain structures can be gained by consideration of the relative domain stabilities from the phase field simulations. Phase field modeling indicates that the ferroelastic domain structure at the grain boundary in the PZT 20/80 sample is not intrinsically stable, but is rather stabilized by defects in the system. The permanent reduction in the concentration of ferroelastic b-domains observed in PZT 20/80 upon poling indicates the system energy can be reduced despite the role they play in elastic strain compensation. The applied electric field must therefore be large enough to dissociate the domain walls from local pinning centers at the grain boundaries. The original grain boundary arrangement does not return when the poling field is removed since, as indicated in the phase field simulation, increases in the b-domain fraction at the grain boundary raises the total system energy.
In contrast, ferroelastic a-domain at the grain boundary in PZT 45/55 are particularly stable in the phase field simulation and reduce the overall system energy. Broadening of adomains at the boundary indicate their presence is particularly stable. When the structure is poled, the low-energy domain structure and stable ferroelastic interfaces must be removed in addition to displacing domain walls from their local pinning centers. As a result, the PZT 45/55 structure is expected to be more difficult to pole that the PZT 20/80 structure as based on the free energy and structure calculations in the phase field model and agreeing with the experimentally determined poling field.
No global minimum in the nonlinear response is observed at the grain boundary for PZT 20/80. Rather, a striped pattern in the nonlinear response is evident; the striping is not observed far from the grain boundary (Figure 7 ), although clustering of high and low response regions is evident. It is likely that the striped nonlinear response is due to changes in the domain structure associated with accommodation of the strain and electric fields at the grain boundary. Although the domain structure is unknown for the region in which the nonlinear response was collected, comparison can be made between the average nonlinear response and average domain structure at specific distances from the grain boundary.
For PZT 20/80, a maximum in nonlinear response occurs in Figure 2 (j) at ~360 nm to either side of the grain boundary, similar to that observed for PZT 45/55. 27 The domain structure for the poled region in Figure 2 Table S2 . A description of each method follows.
Method 1: The mean and standard deviation in the nonlinear response for each sample were determined from maps collected far (~5 mm) from the grain boundary. Low response pixels were considered to be statistically significant if the value was more than half a standard deviation below the mean nonlinear response. Clusters were counted if they contained at least 4 contiguous pixels. The total area enclosed in low response regions crossing the grain boundary was then divided by the total length of the grain boundary measured (5 µm) in order to determine an average width of influence. The error bars were determined as the 95% confidence in the width of low response at each row. This method does not take into consideration the spatial distribution of low response regions, which Method 2 considers, yet it better reflects the averaged low response.
Method 2: Using all low response clusters on the map of the grain boundary as determined in Method 1, the number of low response pixels observed with distance from the grain boundary was represented in a histogram (see Figure 9) . If a random distribution of the nonlinear response were observed with no clustering, approximately 30% of the pixels at each distance from the grain boundary should be low response. Due to clustering in the response, the cutoff value was set to 40% of the pixels observed at each distance from the grain boundary being low response. The error bars were determined as ±5% in the ratio of low response pixels.
This method does not account for high response regions at the grain boundary, which Method 3
considers, yet it better reflects the spatial distribution of low response regions compared to Methods 1 and 2.
Method 3: The average of the nonlinear response parallel to the grain boundary shows a minimum at the grain boundary. A cutoff value of 25% of the standard deviation below the mean nonlinear response was used to determine the width of influence, as shown in Figure 10 . Error bars were determined as ±5% in the average nonlinear response. This method considers the contribution of high response regions at and near the grain boundary, which Methods 1 and 2 do not consider. This method provides a better understanding of how the nonlinear response changes with distance from the grain boundary but is inferior at analyzing how low nonlinear response clusters at the grain boundary.
APPENDIX C: PHASE FIELD MODEL
Phase field modeling was used to simulate the equilibrium domain structure around the grain boundaries to gain additional insight into local electric and stress fields caused by domain interactions across the grain boundary. This approach numerically minimizes the total free energy, F, of the thin film with respect to the distribution of the polarization, P i , by iteratively solving the time dependent Ginzburg-Landau equation, 13, 34, 35 (A1)
as discussed in previous publications 36 to evolve the polarization distribution to a local minimum in the free energy from a specified initial condition. The free energy in this model contained contributions from the bulk free energy of the crystal, the electrostatic free energy of electric dipole interactions, the mechanical free energy of internal stress fields, and the gradient free energy around changes in the polarization in the PZT thin film. Altogether, the free energy of the thin film was expressed as 34 , ,
In this model, effects due to surface and interface energies were neglected for simplicity.
The bulk free energy of PZT in the tetragonal polarization state was modeled using the sixthorder Landau polynomial,
with coefficients α i , β ij and γ ijk , measured by Haun et al. 49 for the free energy functional at room temperature. In Equation A3 the leading coefficient, α i, is a function of temperature to reproduce the paraelectric to tetragonal ferroelectric transition in PZT.
Electrical interactions between electric charges in the film were modeled with the
where κ ij is the background dielectric constant of the thin film independent of the polarization state 50 and E i are the components of the electric field. Mechanical interactions due to the spontaneous deformation of the ferroelectric crystals below the transition temperature were modeled as 35, 51 (A6)
where σ ij and ε ij are the mechanical stress and strain in the system, respectively, and is the stress-free strain associated with spontaneous strain of the crystal. 52 Stress in the system was found by solving the mechanical equilibrium equation
where the stress is related to the strain through ( ) . Elastic constants measured by Haun et al. for tetragonal PZT were used in the simulation. Like the electrostatic problem, the mechanical state of the system was determined from the boundary conditions of Equation A7
. In order to model the thin film system, the out of plane components of the stress were assumed to be zero at the top surface of the thin film. At the bottom of the epitaxial thin film, however, the substrate constrains the film so that the surface is not traction free. Rather, the substrate relaxes for a small distance into the substrate before the displacement of the substrate is zero. As a result, the mechanical displacement at the bottom of the simulation volume was assumed to be zero. 35 Some non-polarizable layers of substrate were included between the bottom of the simulation volume and the bottom of the thin film. For simplicity, the substrate and thin film were assumed to have identical elastic constants.
Finally, the gradient energy was included to incorporate the domain wall energy in the system with the equation
where G ijkl is the gradient energy tensor. For the sake of simplicity, the domain wall energy was assumed to be isotropic, reducing the expression for the gradient energy to 35 
∑ ∑ (A9)
The gradient energy coefficient used was assumed to have a value of 4.1×10 -11 C -2 m 4 N. This choice has been shown to lead to 90° domain wall width of 1-2 nm, in reasonable agreement with experimental observations.
18,41
The bicrystal was modeled by assuming the constants used to find the bulk energy (Equation A3) and the elastic constants rotated across the grain boundary. The rotation of the constants was assumed to be linear across the grain boundary. The rotation at the grain boundary was set to occur over a grain boundary width of 2 nm. This approach, however, does not account for possible other changes in the properties of the system at the boundary. It was determined that the approximation used was sufficient since many of the resulting models were consistent with the experimental observations.
While phase field models have been shown to accurately reproduce both equilibrium domain structures 53, 54 and dynamic domain responses 17, 55 under applied electric and elastic fields, some assumptions made in the model must be fully understood to correctly interpret results. Perhaps most importantly, phase field models assume that the polarization, electric fields, and stresses vary smoothly and continuously across internal interfaces such as domain walls in the thin film. 36, 38, 56 In order to ensure numerical stability of the thin film, the thickness of the transition regions must be on the same length scale as the grid spacing. As a result, the domain wall widths are often overestimated or only relatively small systems can be simulated. Here, we have decided to use a small system in order to reproduce a physically reasonable domain wall width since one primary goal of the simulation is to understand how the finite domain wall width changes the electrostatic and mechanical fields around the grain boundary to influence the relative stability of the domain structures.
The small system results in strong interactions between the grain boundaries. This is in contrast to the experimental system where the grain boundaries are essentially isolated and individual in-plane domains interact primarily with other domains with in-plane polarization, rather than the next grain boundary, as occurs in the phase field simulations. While this may cause some interactions to be overlooked, the phase field model provides information about the electric fields and stresses around the grain boundary that strongly influence the domain wall mobility and stability.
Further, the phase field model is a continuous model that neglects the variation in the crystal potential due to the lattice in real systems. This effect can make domain walls appear more mobile than is shown to be the case experimentally. 57 No changes should occur with the stability of the domains, however, so that this effect only eliminates metastable domain states more quickly than experimental systems. Since the simulations were performed to understand the stable domain configurations, the additional mobility of the domain walls due to the continuous nature of the model is not a significant limitation.
APPENDIX D: PHASE OF PZT 52/48
Synchrotron x-ray diffraction was conducted to determine the phase of the PZT 52/48
films. Measurements were collected on 004, 404, and 444 peaks and are shown in Figure 8 .
Splitting was observed in the 444 and 404 peaks, with no splitting observed in 004. This corresponds to a rhombohedral structure. response pixels out of 100 total pixels, while the black vertical line denotes the grain boundary.
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